Introduction
Friction drilling utilizes the heat generated by friction between a rotating conical tool and work-material to soften and penetrate the thin-walled workpiece to make a hole ͓1-8͔. The heat increases ductility of the work material, which is extruded on to both the front and back sides of the hole. The process forms a bushing from the thin workpiece and is a clean, chipless holemaking process. The bushing can increase the depth for threading and the clamp load capability. Extensive research in friction drilling has been conducted on the workpiece metallurgical analysis ͓5͔, tool and workpiece temperature ͓6͔, tool wear ͓7͔, and petal formation in bushing of brittle cast metals ͓8͔. Figure 1 shows the cross-sectional pictures of the deformed workpiece and tool at four stages in friction drilling a hole on 1.6 mm thick Al 6061-T6. In stage 1, the conical tool comes into contact with the workpiece. In stage 2, the tool has nearly penetrated the workpiece. The thrust force is typically at its peak, and the back extrusion of work material can be seen at this stage. Stage 3 shows the ductile work material encompassing the tool tip. The extrusion of material sideward to form a bushing can be identified. This is the tool location with the maximum torque in drilling. As the tool penetrates the workpiece in stage 4, the bushing of the 5.3 mm dia hole is formed. Some work material is back extruded at the entry of the hole.
The work-material deformation is very large, and both the tool and workpiece temperatures are high in friction drilling ͓6͔. Modeling is a necessary tool to understand the material flow, temperatures, stresses, and strains, which are difficult to measure experimentally during friction drilling. A semi-empirical analytical model based on the contact pressure and measured temperature has been developed to predict the thrust force and torque in friction drilling ͓6͔. This model is simple but not able to provide detailed analysis of the work-material deformation. This can be overcome by using the thermomechanical FEM to analyze the high temperature and large deformation of the work material in friction drilling. This research effort is still lacking and becomes the goal of this study.
The finite element method ͑FEM͒ has been applied to simulate the friction stir welding ͑FSW͒, a process similar to friction drilling. In FSW, a rotating tool is used to generate frictional heat and stir the work material around the tool to join two parts. The only significant difference is that friction drilling displaces work material to form a hole, whereas FSW mixes and welds work material. Spot friction welding ͑SFW͒ or friction stir spot welding ͑FSSW͒ is a FSW process to join two sheets of metal in one spot ͓9͔. This process is very similar to the friction drilling. Both processes have the rotating tool feeding in the axial direction. There is a lack of research in modeling of the friction drilling process. However, extensive FEM research in FSW, SFW, and FSSW has been conducted and becomes the basis of this study.
Research in modeling of FSW has been reviewed by Chao et al. ͓10͔, Schmidt and Hattel ͓11͔, and Soundararajan et al. ͓12͔ . Modeling of SFW has been conducted by Awang et al. ͓13͔ and Kakarla et al. ͓14͔ used the ABAQUS/EXPLICIT FEM program. The modeling of SFW is expanded in this research to investigate the friction drilling process.
In this study, the ABAQUS/EXPLICIT FEM software was utilized to simulate the thermomechanical behavior in friction drilling. The three-dimensional ͑3D͒, instead of two-dimensional ͑2D͒, FEM was chosen because the work material deforms in the rotational direction. Modeling results will show significant material flow in the rotational direction, particularly close to the contact area with the tool. The explicit method was well suited to solve the large work-material deformation and complex contact condition in friction drilling ͓15͔. Three FEM techniques-adaptive meshing, element deletion, and mass scaling-are required to enable convergence of the FEM solution. Adaptive meshing and element deletion are necessary to maintain the mesh quality. Mass scaling is applied to increase the computational efficiency of the explicit method. The frictional heat generation and heat partition were implemented. A coupled thermomechanical analysis was performed with temperature-dependent thermal and mechanical properties of the work material.
Coulomb's friction law, which has been used extensively in FSW and SFW research ͓10-12,16-18͔, is adopted in this study. A wide range of Coulomb coefficients of friction has been reported in FSW and SFW. A coefficient of friction as high as 2.0 has been used in analytical modeling of FSW ͓16͔, taken from previously experimentally measured values. Soundararajan et al. ͓12͔ assumed the coefficient of friction ranging from 0.4 to 0.5 based on surface temperature and contact between tool and workpiece. Schmidt and Hattel ͓11͔ and Buffa et al. ͓17͔ had a constant coefficient of friction of 0.3 and 0.46, respectively. In SFW, Awang et al. ͓13͔ utilized the temperature-dependent coefficient of friction ranging from 0 to 0.62. Awang's model extrapolated between the published value of 0.62 from Serway ͓18͔ and 0 at the workmaterial melting temperature. Chao et al. ͓10͔ developed an inverse method for friction to match experimental and modeling results for temperature. This method is adopted in this study.
The dependence of coefficient of friction on different factors has not been determined; thus, the inputs to a better friction law are not available. The value of coefficient of friction depends on many factors, including sliding speed, contact pressure, temperature, material composition, etc. The coefficient of friction is very difficult to accurately quantify under complex contact conditions. Surface sliding conditions, including the contact pressure and speed, vary in friction drilling as the conical tool moves through the workpiece. Frictional heating at the tool-workpiece interface causes temperature in the workpiece to increase as sliding speed increases. This complicates experimental measurement of coefficient of friction because thermal and mechanical properties change with temperature. Research on a more comprehensive friction model is lacking and, therefore, the topic of future work.
In Sec. 2, the FEM of friction drilling is described. The experimental setup and validation by comparison of modeling and measured thrust force, torque, and temperature are then presented. Finally, FEM analysis of the deformed mesh, temperature, stress, nodal velocity, and contact force are discussed.
Friction Drilling FEM
Mathematical formulations of thermomechanical modeling are presented in this section.
2.1 Thermomechanical FEM Formulation. The friction and plastic deformation generate heat and elevate the workpiece temperature. The high temperature softens the workpiece and allows the work material to flow and form the hole and bushing. The governing equation for the thermal model of the work material is
where is density, c is specific heat, k is heat conductivity, T is temperature, t is time, G is heat generation rate, and x, y, and z are spatial coordinates. , c, and k are functions of temperature, which is important for accurate modeling of the friction drilling process. Both T and G are functions of x, y, z, and t. The heat generation rate G consists of the heating rate by the friction between tool and workpiece, q f , and heating rate from irreversible plastic deformation inside the workpiece, q p ͓13͔
This study assumes that friction between the tool and workpiece follows Coulomb's friction law. The frictional force F f is directly proportional to normal force F n by the coefficient of friction , i.e., F f = F n . The frictional heat generation rate q f is equal to F f times the surface velocity of the tool V. At the local contact point with tool radius R, V =2RN, where N is the tool rotational speed. The frictional heat generation rate q f is
The heat generation rate due to plastic deformation q f is
where is the inelastic heat fraction, is the effective stress, and pl is the plastic straining rate. The energy from plastic deformation in the workpiece is small compared to that from friction to friction drilling. In this study, is set to 0.9 ͓13͔.
The ABAQUS/EXPLICIT code used in this research integrates the equations of motion explicitly with respect to time. The term explicit means the state at the end of an increment is based solely on the displacements, velocities, and accelerations at the beginning of the increment ͓19͔. The explicit expression for velocity at the new time step can be determined by applying the central difference integration.
FEM Techniques.
Three FEM techniques-adaptive meshing, element deletion, and mass scaling-are deployed to enable convergence of the FEM solution in friction drilling modeling. The adaptive meshing and element deletion techniques are needed because the large deformation and excessively distorted elements are inevitable in friction drilling modeling. Adaptive meshing maintains a high-quality mesh throughout the solution by adjusting the mesh to restore aspect ratio of highly distorted elements ͓13͔. Adaptive meshing does not alter the topology of the mesh. Elements are not created or destroyed from this feature. The improved mesh quality can prevent the divergence due to severe mesh distortion. In this study, the adaptive meshing was performed for every five increments of the tool.
The element deletion allows elements to separate and the tool to penetrate the workpiece ͓20͔ in friction drilling. Elements with excessively large plastic strain are deactivated. In this study, the criterion to delete an element is based on the value of the equivalent plastic strain. When the equivalent plastic strain exceeds a threshold value of 2.2 in an element, all the stress components are set to zero. This is the maximum value possible while maintaining convergence in the friction-drilling simulation. An example of element deletion during friction drilling is shown in Fig. 2 . The dark color represents deleted elements, which do not affect the simulation results and can be removed from display of the results.
Mass scaling is employed to improve the FEM computational efficiency while retaining the accuracy. This technique adjusts the density of the work material to improve the time scale of analysis. The presence of small elements and reduced characteristic lengths of elements from deformation results in a smaller time increment of tool travel required for the simulation. Scaling the material density of the small elements throughout the simulation can significantly improve the stability in iteration and decrease the com- Transactions of the ASME putation time ͓19͔. In this study, mass scaling is performed every ten increments to obtain a stable time increment of at least 0.0001 s step time of tool travel. Figure 3 shows the initial FEM mesh, boundary conditions, and tool geometrical parameters in friction drilling. As shown in Fig.  3͑a͒ , the workpiece was 101.6 mm dia and 1.59 mm thick. Two opposite points on the workpiece were fixed to simulate the clamping by two C-clamps in the experiment. The top surface of the workpiece was under free convection with convection coefficient of 30 W / m 2 K and ambient air temperature of 22°C. The tool rotated at 3000 rpm or 314 rad/ s. The tool penetration into the workpiece was modeled with three different constant axial speeds of 2.54 mm/ s, 4.23 mm/ s, and 5.93 mm/ s.
Mesh, Boundary Conditions, and Material Properties.
The ABAQUS mesh generator was applied. Eight-node hexagonal elements were used to model the sheet-metal workpiece in the shape of a disk plate. The initial finite element mesh in Figs. 3͑a͒ and 3͑b͒ includes 18,620 elements and 20,814 nodes. Each node had four degrees of freedom: three displacements in the X, Y, and Z directions and one nodal temperature. The workpiece mesh was finer near the tool tip, as shown in Fig. 3͑b͒ , where the largest material deformation was expected to occur. Across the 1.59 mm thickness of the workpiece, ten rows of elements were generated in the mesh. The element size was important for the simulation. If the mesh was too coarse, too many elements experienced severe distortion and were deleted, resulting in improper bushing formation. On the contrary, if the mesh was too fine, the computational time increased significantly without improving the results. A balance was struck between computational time and amount of workpiece mesh removed by element deletion. Figure 3͑c͒ shows the bottom view of the stationary, rigid support plate, which limits the movement of the workpiece in the Y direction. The node in contact with the support plate can move in the X and Z directions with the same coefficient of friction as in the tool-workpiece interface. The effect of friction between the workpiece and support plate is not significant because of the clamping restraint and their small relative motion. The support plate was 80 mm o.d. with a 24.5 mm dia hole. The friction drilling started at the center of the hole. The thermal boundary condition for the bottom of the workpiece was the combination of free convection ͑30 W/m 2 K convection coefficient͒ for the area exposed to air and adiabatic for the area in contact with the support plate.
The tool geometric parameters ͑Fig. 3͑d͒͒ of the tool used in this study are ␣ = 90 deg, ␤ = 36 deg, h c = 0.940 mm, and h n = 5.518 mm. The tool is modeled as rigid and is not meshed. The vertical lines on the tool in Fig. 3 were generated by the ABAQUS program. Similar tool geometry has been used in previous research ͓5,7,8͔.
The work material is Al 6061-T6, a material commonly used in previous research of FSW FEM analysis. The temperaturedependent material properties for Al 6061-T6 are readily avail- Table 1 ͓21͔. In FSW modeling, the elastoplastic model ͓13͔ was used. This simplified model is adequate in this research to model the work-material deformation in friction drilling. Nicholas ͓22͔ found that 6061-T6 aluminum alloy exhibits a very small sensitivity to high strain effects. For strain rates varying from 10 −4 to 10 4 s −1 only minor changes in the yield stress occurred. Altenhof and Ames ͓23͔ showed that inclusion of strain rate effects in finite element simulations does not improve accuracy substantially for a proprietary aluminum alloy.
Frictional behavior and contact interaction between the tool and workpiece in friction drilling are complicated ͓7͔. In this study, a constant coefficient of friction using Coulomb's friction law is adopted. This simple friction model is not adequate for the complicated friction phenomenon in friction drilling. However, a more comprehensive friction model is not available for implementation. The coefficient of friction was determined by matching the FEM results with varying coefficients of friction to experimentally measured thrust force and torque.
Heat partition occurs at the interface between the tool and workpiece. For frictional heat generation at the tool-workpiece interface, 100% of the dissipated energy caused by friction is assumed to be converted to heat. A common heat partition model based on the ratio of thermal conductivity of the tool and work materials determines the heat partition at the tool-workpiece interface. The ratio of heat partition into the workpiece, r al , is
where k wp and k tool are the thermal conductivity of workpiece and tool, respectively. At room temperature, k wp of the Al 6061-T6 workpiece is 167 W / m K and k tool of the A2 tool steel is 26 W / m K. The ratio of heat generated in the tool-workpiece interface transfer to the workpiece is r wp = 0.87, i.e., most of the frictional heat generated was transferred to the Al workpiece.
Experimental Setup
Experiments were conducted to measure the thrust force, torque, and workpiece temperature during friction drilling. Measurements were compared to FEM results for validation. The friction drilling experiment was conducted in a Mori Seiki TV 30 vertical machining center. The spindle speed was 3000 rpm and three tool feed rates were 2.54 mm/ s, 4.23 mm/ s, and 5.93 mm/ s, which matched to the FEM inputs. The tool material was A2 air-hardening steel. The tool did not have the lobular geometry as in some commercial tools ͓7͔. Dimensions of the tool matched to those used in modeling, as shown in Fig. 3͑d͒ .
The thrust force and torque was measured using a Kistler model 9272 dynamometer. The temperature was measured using a type-E thermocouple ͑Omega 5TC-TT-E-36-72͒ with 0.13 mm dia. Two separate drilling experiments were conduced for the measurement of workpiece temperature at points 5.1 mm and 7.5 mm from the center of drilling. Each experiment had two thermocouples embedded in two shallow, 1 mm dia holes 180 deg opposite from each other. Figure 4 shows two thermocouples embedded at points 7.5 mm from the drill center after friction drilling of a 5.3 mm dia hole.
Identification of Coefficient of Friction and Experimental Validation
Using the inverse method developed by Chao et al. ͓10͔, the experimentally measured thrust force and torque are compared to FEM results to identify the coefficient of friction. Based on this predicted coefficient of friction, the experimentally measured thrust force, torque, and workpiece temperature are compared to modeling results for model validation. Figure 5 shows the thrust force and torque from experimental measurements and FEM analysis with three coefficients of friction, 0.5, 0.7, and 1.0 ͑4.23 mm/ s feed rate and 3000 rpm spindle speed for the tool͒. High coefficient of friction causes a decrease in thrust force but does not change the torque significantly. Peak thrust forces of 1000 N, 800 N, and 600 N are observed for coefficients of friction of 0.5, 0.7, and 1.0, respectively. Coefficient of friction of 0.7 gives the best match for modeling and measured thrust force and torque. This value is used for all further FEM simulations in this study. Figure 5 shows torque values are identical until ϳ7 mm of tool travel from contact. High coefficient of friction increases the frictional force and, subsequently, the torque. However, high coefficient of friction produces high temperature and soft work material from frictional heating to lower the torque. These two phenomena balance each other, which results in the small change in torque.
Coefficient of Friction.

Validation of Thrust Force and Torque.
With the coefficient of friction of 0.7, Fig. 6 shows the comparison of the modeled and measured thrust force and torque at three different tool feed rates, 5.93 mm/ s, 4.23 mm/ s, and 2.54 mm/ s. The agreement between experimental and modeling of thrust force and torque validates the coefficient of friction of 0.7. The peak forces in the experiment were about 800 N, 750 N, and 700 N for feed rates of 5.93 mm/ s, 4.23 mm/ s, and 2.54 mm/ s, respectively. These values were slightly higher in the FEM analysis. The FEM thrust force profiles were shifted to the left of the experimental profiles, as shown in Fig. 6 . This is due to the noticeable deflection of the sheet Al workpiece at the initial contact stage. This phenomenon was not accurately modeled by FEM and led to the early peak of the thrust force in FEM analysis. Figure 7 shows the relative position of tool to workpiece near peak thrust force for both FEM ͑Fig. 7͑a͒͒ and experiment ͑Fig. 7͑b͒͒ with 4.23 mm/ s tool feed rate. The penetration of the tool into the workpiece is approximately the same, but the actual tool travel from the initial contact was 1.78 mm in FEM and 2.75 mm in Fig. 7 Comparison of the tool-workpiece position at peak thrust force "a… FEM, 1.78 mm, and "b… experiment, 2.75 mm, tool travel from the initial tool-workpiece contact "4.23 mm/ s tool feed rate… experiment. The 1 mm more tool travel in experiment ͑Fig. 7͑b͒͒ shows the larger workpiece deflection in experiment and the limitation of FEM at high tool feed rates.
At the lowest tool feed rate ͑2.54 mm/ s͒, the effect of workpiece deflection is less significant; thus, the FEM prediction matches better with the experiment, as shown in Fig. 6 . The slower tool feed rate allows more time for heat generation and work-material softening, which generates lower thrust force and smaller workpiece deflection.
For torque, as shown in Fig. 6 , the discrepancy of modeling and experiment also improves at low tool feed rate. The model overestimated the torque in the initial contact stage, but underestimated the torque as it approaches its maximum. The maximum torque was underestimated by about 33%, 32%, and 25% for tool rate of 5.93 mm/ s, 4.23 mm/ s, and 2.54 mm/ s, respectively. As discussed in Sec. 6.1 and shown in Fig. 5 , adjusting the coefficient of friction has little effect on torque in the model. This demonstrates the limitation of the Coulomb's friction model and the need to implement new friction models to achieve a more accurate prediction of the torque in friction drilling modeling. Figure 8 shows the comparison of measured workpiece temperature with FEM predictions at 4.23 mm/ s tool feed rate. The model temperatures at four points, 2.74 mm, 3.45 mm, 5.11 mm, and 7.53 mm initial position from the hole center are presented. The measured temperatures from thermocouples embedded at points 5.1 mm and 7.5 mm from the hole center match well with FEM prediction and further validate the model developed in this study.
Validation of Workpiece Temperature.
Other thermocouples installed closer to the hole center could not obtain a temperature reading. They were damaged during the experiment by the workpiece deformation. This demonstrates the difficulty to experimentally investigate friction drilling and the need for FEM analysis. The temperature is higher close to the hole center. Modeling results show the peak temperatures are 400°C, 350°C, 270°C, and 190°C at 2.74 mm, 3.45 mm, 5.11 mm, and 7.53 mm from the hole center, respectively.
FEM Analysis of Work-Material Deformation and Temperature
One advantage of FEM is insight into the work-material deformation and temperature, which are difficult to measure experimentally during friction drilling. Figure 9 shows the deformed Transactions of the ASME mesh and distribution of plastic strain, temperature, and von Mises stress of the cross section of the workpiece at 1.78 mm, 6.35 mm, and 7.96 mm tool travel from the contact between tool and workpiece. The tool travel of 1.78 mm and 6.35 mm are near the peak thrust force and peak torque, respectively. Figure 10 shows vectors for velocity and contact force at 0.846 mm, 2.12 mm, 4.02 mm, and 5.50 mm tool displacement. Process parameters for Figs. 9 and 10 were 4.23 mm/ s tool feed rate and 3000 rpm spindle speed. All deleted elements were excluded in Figs. 9 and 10. The deformed mesh and plastic strain, temperature, von Mises stress, nodal velocity, and nodal contact force are discussed in Secs. 5.1-5.4.
Deformed Meshes and Plastic Strain.
The crosssectional view of the deformed mesh at four stages of friction drilling is shown in Fig. 1 . The cross section of FEM predicted material deformation and bushing formation match well with experimental observations. The effect of element deletion on the prediction of bushing shape was a concern. As shown in Fig. 1͑d͒ , comparing the shape of bushing at the end of tool penetration at stage 4, element deletion does not significantly change the shape of bushing. However, the extrusion on the top of the workpiece is largely missing in stage 4. This is likely caused by the element deletion in the narrow region of work material under large strain.
A more detailed view of the deformed mesh is shown in Fig. 9 . Shearing of the elements from right to left is evident on the inside wall of the hole. The distortion of elements is already very severe in the initial contact at 1.78 mm tool travel. The severely distorted elements are likely to contribute to the lack of modeling accuracy to predict the workpiece deflection and contact force in the beginning of contact at high tool feed rates.
The peak plastic strain is on the contact surface with the tool, as shown in Fig. 9 . The peak plastic strain is about the same, 2.2, independent of the tool travel. This can be explained by the element deletion, which removes overly-distorted elements with the plastic strain over 2.2.
Temperature.
Friction drilling temperature measurements have been conducted using the infrared camera ͓6͔ and by thermocouples in this study. FEM predicted temperature is more comprehensive. As shown in Fig. 9 , at 1.78 mm of tool travel, temperature is not high, ϳ300°C on the contact surface. At 6.35 mm of tool travel, a stripe of high temperature close to 580°C is observed along the contact area within the originally undeformed workpiece. Work-material temperature is the highest on contact surface with the tool. The peak temperature region is concentrated on the hole surface where the tool contacts the original sheet metal workpiece. The experimental observation of discoloration on the AISI 1020 sheet metal workpiece in Ref. ͓6͔ supports this finding of the high-temperature region. The maximum temperature occurs at the tool location near the maximum torque, again supported by the experimental measurements in Ref.
͓6͔.
The peak temperature of workpiece is high in friction drilling. For Al 6061-T6, the solidus and liquidus temperatures are 582°C and 652°C, respectively. The maximum temperature predicted by FEM approaches the workpiece solidus temperature. The hightemperature zone in friction drilling is shallow. Away from the tool-workpiece contact surface, temperature decreases rapidly in bushing and workpiece.
von Mises Stress.
von Mises stress is shown in the last row of Fig. 9 . Contrary to intuition, the stress is low on the toolworkpiece contact surface due to the high temperature in the area. At 1.78 mm tool travel, the maximum stress of 280 MPa can be seen in the workpiece away from the hole. This high stress is due to the bending of the workpiece in the low-temperature region. At 6.35 mm and 7.96 mm tool travel, the peak stress of ϳ230 N / mm 2 occurs further away from the hole in the workpiece.
Distributions of stress and temperature demonstrate the role of frictional heating in the work material. The high temperature softens the work material in the contact region and makes the bushing formation possible. Figure 10 shows the top and front views of velocity vectors at nodes on the contact surface. Only nodes with velocity larger than 2 mm/ s are presented for clarity. Velocity vectors in the radial and tangential directions represent axisymmetrical and circumferential deformation, respec- tively. The top view shows the deformation is mostly in the tangential direction. In this case, the axisymmetrical FEM is not adequate to model such deformation. The 3D FEM model is required to model the material flow in the combined rotational and radial directions. In the front view, near the top of the workpiece, vectors are pointing upward, indicating back extrusion. On the bushing, small downward velocity vectors represent the gradual formation of the bushing.
Nodal Velocity Vectors.
Nodal Contact Force Vectors.
The last row in Fig. 10 shows vectors representing the contact force between the tool and workpiece. Most of the contact force vectors appear normal to the tool surface. The largest nodal contact force ͑46.4 N͒ occurs at 2.12 mm tool travel, near the peak thrust force in friction drilling. The contact force is also high in the tool tip region at 0.846 mm tool travel. At 4.02 mm and 5.50 mm tool travel, the contact forces on the bushing are small, as most of the contact force vectors are observed in the region of the undeformed sheet. In the analytical model to predict thrust force and torque in friction drilling ͓6͔, a hypothesis was proposed that the tool contact surface with bushing does not contribute to the thrust force and torque. This observation directly supports this hypothesis.
Conclusions
The 3D FEM model was demonstrated capable of modeling the work-material deformation and temperature in friction drilling by comparison to experimentally measured thrust force, torque, and workpiece temperature. An inverse method was applied and the most suitable Coulomb coefficient of friction was determined to be 0.7. Three FEM techniques were utilized to achieve the convergence and efficient FEM solution in friction drilling.
The FEM analysis generated detailed data that were difficult to measure experimentally. The model showed that the peak temperature of the Al 6061-T6 workpiece was high, ϳ580°C, close to the melting temperature. The deformed mesh and distributions of stress and temperature from FEM analysis effectively demonstrated how the work-material heated up, softened, and formed the bushing. The work material flowed in the rotational direction around the tool confirming that 3D FEM analysis was required.
The model developed in this study can be further improved by including the tool temperature and deformation analysis, the use of a more comprehensive friction model, and the development of a tool penetration model without using the element deletion. The experimental measurements of thrust force, torque, and temperature ͓6͔ suggest that the coefficient of friction varies throughout the friction-drilling process. But, research is still lacking about how it changes and depends on sliding speed, contact pressure, temperature, etc., and is a topic for future work. A more complete FEM will enable a more accurate simulation and lead to better prediction of residual stresses and material deformation in the final part for different tool geometries in friction drilling.
